A green and facile bio-template method was developed to synthesize porous hierarchical Cr 2 O 3 /Ndoped carbon (denoted as Cr 2 O 3 /NC) composite using egg-shell membrane as template and carbon source. The as-prepared Cr 2 O 3 /NC composite is assembled from interwoven and coalesced porous microfibers. The microfibers are constructed by Cr 2 O 3 nanoparticles uniformly encapsulated 1D porous N-doped carbon matrix. Importantly, the as-prepared Cr 2 O 3 /NC electrode shows a superior Liion battery anodic performance. Under a current density of 100 mA g -1 , the Cr 2 O 3 /NC sample has a specific discharge capacity of 640 mA h g -1 after 100 cycles. Moreover, after 50 cycles at a high current density of 1000 mA g -1 , the sample exhibits a discharge capacity of 368 mA h g -1 . The outstanding Li-storage performance of the composite should be attributed to the stable porous hierarchical structure, large specific surface area and highly conductive N-doped carbon matrix.
INTRODUCTION
Chromium (III) oxide (Cr 2 O 3 ) has caused widespread concern as a promising anode material for Li-ion batteries (LIBs). Compared with other transition metal oxides (TMOs) anodes, Cr 2 O 3 has the advantages of high theoretical specific capacity (1058 mA h g -1 ) and a relatively low lithium intercalation potential [1] [2] [3] [4] . However, when Cr 2 O 3 is used as anode material for LIBs, there are also disadvantages such as unsatisfied cycling stability resulted from volume change during charge/discharge process and poor rate performance caused by low conductivity [5] [6] [7] .
The design and synthesis of hierarchically porous TMOs constructed by nano-sized building units have been received tremendous interest in the realization of high-performance LIBs [8] [9] [10] . In such a structure, the nano-sized primary building blocks can shorten the transmission path of Li-ions and electrons, which leads to an improvement in rate performance and the stable micro-scale secondary structures would effectively prevent self-aggregation of the primary building blocks and accommodate the volume expansion during cycling process, thereby leading to enhanced the cycle performance. Furthermore, it is reported that synthesis of Cr 2 O 3 composites with a highly conductive carbonaceous material can preserve the inner active substance and enhance their conductivity and cycle life [11] [12] [13] [14] [15] . For example, Fu and co-authors reported that a sheet-like Cr 2 O 3 /C composite delivered a high discharge specific capacity of 465.5 mA h g -1 after 150 cycles under a current density of 100 mA g -1 [14] . Wang et al. reported that sandwich-like Cr 2 O 3 -graphite intercalation composites exhibited a discharge specific of 480 mA h g -1 after 1000 cycles at a rate of 100 mA g -1 [15] . In addition, a large number of studies have shown that doping N atoms can improve the electronic conductivity of carbon-based materials and thus improve their electrochemical performance [16] [17] [18] . Therefore, a combination of porous hierarchical structure and composited with conductive N-doped carbon might lead to significant improvement of electrochemical properties for lithium-ion batteries. Recently, the bio-template technology has become a practical approach for preparing advanced anode materials with controllable nanostructure [19] [20] [21] . In particular, such technology is simple, inexpensive and environmentally friendly. Eggshell membrane (ESM) is a kind of very useful biological template because of its unique interwoven fiber structure, large specific surface area and large quantities of the N element [22, 23] . At present, many kinds of metal oxides materials with higher functionality have been synthesized by ESM template method [24] [25] [26] . However, based on literature research, there are almost no reports on using the ESM as template and carbon source to synthesize the Cr 2 O 3 /NC composite as anode materials.
Herein, we fabricated a hierarchically porous Cr 2 O 3 /NC composite by using ESM as biotemplate and carbon source. As expected, such porous hierarchical structure with uniform encapsulated in N-doped carbon matrix can enlarge the contact area of the active materials, improve the conductivity of the electrode and electrolyte, and provides sufficient space to allow an expansion during cycling process. At a current density of 100 mA g -1 , the as-prepared Cr 2 O 3 /NC composite shows an outstanding electrochemical performance with a reversible capacity of composites is 640 mA h g -1 after 100 cycles.
MATRIALS AND METHODS

Materials synthesis
Eggshell membranes (ESM) were manually removed from the eggshell of commercial hen's eggs and then washed with deionized water thoroughly. Subsequently, the ESM was soaked in a concentration of 0.020 mol/L Cr(NO 3 ) 3 .9H 2 O ethanol solution for 48h. After taking out from this solution and drying at room temperature, a pale green precursor was obtained. The final black product was acquired by calcining the pale green precursor in an N 2 atmosphere at 500° C for 2 hours.
Structure characterization
The XRD patterns of the sample were recorded on a Rigaku X-ray diffractometer (D/Max-3B) using a Cu Kα radiation source. TG analysis was carried out on a Perkin Elmer thermogravimetric analyzer (TG/DTA 6300) in air atmosphere. The FE-SEM (Field emission scanning electron microscopy) images and the TEM (Transmission electron microscopy) images of as-obtained products were characterized by using Hitachi S-4800 scanning electron microscope and JEOLJEM-2100 F microscope, respectively. The specific surface area and pore size distribution were estimated from N 2 adsorption-desorption analysis which was measured on a Gas Sorption System (Micro-metrics Instruments, ASAP 2420). The XPS (X-ray photoelectron spectroscope) analysis was performed on a Kratos photoelectron spetrometer (ULTRA AXIS DLD) with monochrome Al Kα (hν = 1486.6 eV) radiation. All binding energies were calibrated by referencing to C1s (284.6 eV).
Electrochemical measurements
CR2025 coin-type cell which was applied to electrochemical measurements was composed of a working electrode, a lithium foil as counter electrode, an electrolyte, a separator, and the battery case. To fabricate the working electrode, Cr 2 O 3 /NC active material was adequately mixed with polyvinylidene fluoride (PVDF) as adhesive at a mass ratio of 90:10 in N-methylpyrrolidone (NMP) solvent to form a homogeneous mixture. The obtained mixture was pressed on Cu foil and punched into a disc. And then dried at 120 o C for 12 h under a vacuum. The as-obtained model test cells were assembled in an argon-filled glove box and galvanostatic charge/discharge tests were performed on a Land CT2001A automatic battery tester under the range of 0.01-3.0 V at ambient temperature. The measurements of cycling voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were operated on a CHI 660C electrochemical workstation (Chenhua, Shanghai). [4] . No carbon peaks are found, suggesting that the carbon in this sample is amorphous. The broadened diffraction peaks demonstrate that Cr 2 O 3 /NC is assembled from smaller building units. The carbon content in Cr 2 O 3 /NC sample was determined by the thermogravimetric analysis under the air atmosphere. As shown in Figure 1(b) , after heated to 800 o C, a weight loss of 3.3% was observed for pristine Cr 2 O 3 , which was attributed to the loss of moisture and the decomposition of the organic matters reserved on the Cr 2 O 3 surface. In contrast, the residual mass of Cr 2 O 3 /NC composite is 65.6% after heated to 800 o C, indicating that the carbon content in the Cr 2 O 3 /NC composite was 31.1%. The compositions and elemental valence on the surface of the synthesized Cr 2 O 3 /NC sample were characterized by XPS. The wide spectrum of the Cr 2 O 3 /NC sample is shown in Figure 2(a) . All recorded peaks in the wide spectrum are assigned to the four elements of Cr, O, N and C, indicating that the Cr 2 O 3 /NC sample is composed of these four elements. The valence state of Cr in the Cr 2 O 3 /NC sample is characterized by high-resolution XPS spectrum for Cr 2p. As shown in Figure 2( (Figure 2(c) ) can be decomposed into four binding peaks corresponding to different carbon-containing functional groups [16] : (a) C-C/C-H group at 284.6 eV, (b) carbon in C-N at 286.1 eV, (c) C=O/C=N group at 287.7 eV), and (d) carboxylate carbon (O-C=O, 288.9 eV). In the high-resolution N 1s spectrum (Figure 2(d) ), there are three peaks at around 398.5, 399.8 and 402.2 eV, which belong to pyridinic nitrogen, pyrrolic and N-O functional group, respectively [17] , which originates from nitrogen-containing biomolecules present in the ESM, such as proteins, amino acids, and nucleic acids. The doping of N-atom in carbon fibers can greatly increase the electronic conductivity, which is benefit to improve the electrochemical performance. Figure 3 (a) displays the N 2 adsorption-desorption isotherms of Cr 2 O 3 /NC sample. It can be seen that the Cr 2 O 3 /NC sample presents a type IV isotherm with H3-type hysteresis loops. The pore size distribution curve (Figure 3(b) ) exhibits that the Cr 2 O 3 /NC sample has not only mesopores derived from the accumulation of piny nanoparticles, but also macropores coming from the stacking of interweaving microfiber. The BET specific surface area of the Cr 2 O 3 /NC composite is 80.46 m 2 g -1 .
RESULTS AND DISCUSSION
The large BET specific surface area can not only enable active material sufficient contact with electrolyte, but also provide more reaction sites at the surface. The membrane has a porous hierarchical structure, which is composed of interwoven and conglutinate microfibers ranging from 2 to 5 µm in diameter, and the pores about 2-3 µm in size are present evidently. An overview image of the Cr 2 O 3 /NC sample reveals that the sample still maintains porous hierarchical structure of the ESM template (Figure 4(c) ). The fibers with a considerable shrinkage are about 0.3-1.0 µm in diameter. From higher magnification SEM images (Figure 4(d) ), it is seen that the interwoven fiber of the Cr 2 O 3 /NC composite is composed of piny nanoparticles, which is different from the smooth carbon fiber of ESM. The morphology and microstructure of Cr 2 O 3 /NC sample can be further confirmed by the TEM characterizations ( Figure 5 ). The overall morphology of the as-synthesized Cr 2 O 3 /NC sample is highlighted in Figure 5 (a), which consists of interwoven microfibers with a diameter of 300-1000 nm. Figure 5 (b) shows a single fiber, which is a porous structure with a diameter of about 800 nm. By closer observation (Figure 5(c) The first three consecutive cyclic voltammetry (CV) curves of Cr 2 O 3 /NC electrode are shown in Figure 6 (a). There is a substantial difference in the CV curves between the first and the following cycles. In the first cycle, it can be observed that an irreversible cathode peak appearing at around 0.80 V is result of the decomposition of the electrolyte and the formation of the solid electrolyte interface (SEI) film. The significant cathode peak appears at 0.01 V, corresponding to the reduction of Cr 2 O 3 to Cr 0 . The anodic peak appearing in the range of 0.6-1.6 V corresponds to the oxidation of Cr 0 to Cr 2 O 3 [14] . The position and the intensity of the cathode and anode peaks were almost unchanged after the first cycle, indicating that the electrode has excellent cycle stability during charge and discharge. Figure 6 (b) displays the representative charge-discharge profiles of the Cr 2 O 3 /NC electrode. It is observed that the Cr 2 O 3 /NC electrode exhibits the initial charge and discharge capacities of 1141 and 1480 mA h g -1 , respectively, and the initial Coulombic efficiency is 77%. In addition, the chargedischarge curves of the 40 th and 80 th cycle are almost coincident, indicating that the material has superior cycle performance. The cyclic performances of pristine Cr 2 O 3 electrode and Cr 2 O 3 /NC electrode were investigated ( Figure 6(c) Table 1 gives the comparison of the results on Cr 2 O 3 -based anode materials reported in the literature, including their morphologies, synthesis method and Li-ion battery anodic performance with the results of this work. Obviously, the as-synthesized Cr 2 O 3 /NC sample in this work shows better cycle stability and superior high rate performance. The reasons that our sample exhibits such outstanding properties may be ascribed to its stable porous hierarchical structure and highly conductive N-doped carbon matrix. On the one hand, the N-doped carbon matrix uniformly wrapped around the Cr 2 O 3 nanoparticles can inhibit the agglomeration of the Cr 2 O 3 nanoparticles and improve the electrical conductivity of the electrode. On the other hand, the stable porous hierarchical structure can enable sufficient contact between the electrolyte and active material and provides more reaction sites on the surface, resulting in the increase in specific capacity. Moreover, the porous structure possesses the ability to greatly facilitate Li + transfer and effectively alleviate the structural strain caused by volume change during repeated charge-discharge cycles, leading to enhanced cycle performance.
CONCLUSIONS
The hierarchically porous Cr 2 O 3 /NC composite has been successfully synthesized by using biotemplate method. The ESM used in this work plays a dual role, which acts as templates to adsorb metal ions and acts as carbon sources to construct a N-doped conductive carbon matrix. As a result, the Cr 2 O 3 /NC electrode shows high reversible specific capacity, outstanding cyclability and rate capability. The superior Li-ion battery anodic performance of the Cr 2 O 3 /NC composite make it promising as an anode materials for advanced LIBs.
